INTRODUCTION
============

Prostate cancer (PCa) is the most common type of cancer among men in the United States and is considered a global public health problem \[[@ref1]\]. In 2020, 191,930 new cases of PCa and 33,330 deaths are estimated from this malignancy in the United States \[[@ref1]\]. It is known that nutrition plays an important role in the initiation, promotion, and progression of several cancer types, including PCa \[[@ref2]-[@ref5]\]. It is also clear that along with substances that may increase the risk of cancer development, the human diets also contain chemopreventive or anticarcinogenic components. Therefore, possibility of cancer prevention by non-toxic agents, preferably from dietary sources, has emerged as a strategy for disease control \[[@ref6]\]. Micronutrients present in edible plants are considered the most desirable class of chemopreventive agents, and epidemiological studies suggest that consumption of fresh fruits and vegetables may decrease the incidence and the mortality of PCa and other types of malignancies \[[@ref7]-[@ref11]\]. Among the different chemopreventive classes of phytochemicals, the polyphenolic antioxidants are quite abundant in food and vegetable beverages consumed by the human population \[[@ref10],[@ref12]-[@ref14]\].

*Passiflora edulis*, popularly known as passion fruit, is a species widely cultivated in Brazil and used in processed juice industry \[[@ref15]\]. The largest passion fruit producers are concentrated in South America, especially Brazil, Colombia, Peru, and Ecuador \[[@ref16]\]. The peels, seeds, leaves, and flowers of the passion fruit present characteristics of technological and biological interest \[[@ref17]\], and studies have shown that different polyphenols have diverse biological effects, such as anti-anxiety \[[@ref18],[@ref19]\], anti-inflammatory \[[@ref20]\], and anti-oxidative properties \[[@ref15],[@ref21]\]. Other studies have shown that passion fruit seeds contain large amounts of piceatannol (PIC) \[[@ref22]\], and PIC dimers, such as scirpusin B \[[@ref23]\], which are characterized by their intense antioxidant activity.

PIC, like resveratrol, has anti-cancer properties \[[@ref24],[@ref25]\]. These include cell-cycle arresting, pro-apoptotic, anti-inflammatory, anti-angiogenic, and anti-metastatic activities \[[@ref26]\]. In PCa, PIC was reported to reduce invasive and migrative capacity of DU145 cells, which was associated with inhibition of expression of metalloproteinase-9 (MMP-9), VEGF, and urokinase type plasminogen activator \[[@ref27]\]. This study also showed that PIC blocked STAT3 signaling through inhibition of interleukin-6 (IL-6) secretion, possibly by influencing MMP-9 and VEGF reduction \[[@ref27]\]. Similarly, PIC has an inhibitory effect on IL-6/STAT3 signaling that further accentuates intra-tumoral apoptosis via the activation of the death-receptor and mitochondria-dependent pathways \[[@ref28]\]. Furthermore, PIC treatment was able to inhibit the lung metastasis of different cancerous prostate cells \[[@ref27]\].

In the present study, we explored the molecular mechanistic action of PIC in PCa cell lines, and to evaluate its potential for PCa chemoprevention. In addition, this study was intended to investigate the effects of yellow passion fruit extract (PFE), which is already reported as a PIC source, on the progression of early neoplastic lesions in the Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) mice.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

Animal use for this study was approved by the Committee of Ethics in Animal Research (protocol 4801-1/2018) and was in agreement with the Ethical Principles for Animal Research (COBEA, Rio de Janeiro, Brazil).

Chemical and biochemicals
-------------------------

PIC (purity 99.8%) was purchased from Selleck Chemicals (Houston, TX, USA) and dissolved in dimethyl sulfoxide (DMSO) to make a 100 mM stock solution that was aliquoted and stored at --80°C until use. FBS, PBS, antibiotic mixture, and F-12K Nutrient Mixture were purchased from Life Technologies-Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco's Modified Eagles Medium (DMEM) was purchased from American Type Culture Collection (Manassas, VA, USA). RPMI-1640 was purchased from Corning (Corning, NY, USA). A kit for colorimetric measurement of lactate was purchased from BioVision (Milpitas, CA, USA). Oligofectamine^TM^ from Life Technologies-Thermo Fisher Scientific was used for transfection. p53-targeted small interfering RNA (siRNA) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA) and the control siRNA was from Qiagen (Valencia, CA, USA). Anti-β-actin and anti-p53 antibodies were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against cyclin-dependent kinase 4 (cdk4) and p21 were from BD Biosciences (San Jose, CA, USA). Anti-cyclin D1 antibody was from Santa Cruz Biotechnology and anti-glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) antibody was from GeneTex (Irvine, CA, USA). Anti-β-actin (sc-81178) antibody used for animal samples was from Santa Cruz Biotechnology.

Cell lines
----------

PC-3, LNCaP, VCaP, and 22Rv1 cells were obtained from the ATCC and authenticated by us in 2017. The PC-3 cell line was maintained in F-12K medium supplemented with 10% FBS, 1% antibiotic mixture, whereas LNCaP and 22Rv1 cell lines were maintained in RPMI medium supplemented with 10% of FBS, 1% of antibiotic mixture, 10 mM HEPES, 1 mM sodium pyruvate, and 2,500 mg/L glucose. The VCaP cells were maintained in DMEM supplemented with 20% FBS and 1% antibiotic mixture.

Cell viability assay
--------------------

Monolayer cultures of PC-3, VCaP, LNCaP, and 22Rv1 cells were maintained in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C. The trypan blue dye exclusion assay was performed to assess the effect of PIC on viability of PCa cells. The cells (PC-3, 5 × 10^4^; VCaP, 7.5 × 10^4^; LNCaP, 5 × 10^4^; 22Rv1, 1 × 10^5^) were plated in 12-well plates in triplicate and allowed to attach overnight. The medium was replaced with fresh complete medium containing different concentrations of PIC (10 µmol/L, 20 µmol/L, or 40 µmol/L), and the plates were incubated for 24, 48, or 72 hours at 37°C. Stock solution of the PIC was prepared in DMSO, and an equal volume of DMSO (final concentration 0.1%) was added to the control wells. At the end of the incubation, the cells were collected and suspended in 75 µL PBS. The cells were then mixed with 75 µL 0.2% trypan blue solution, and live (unstained) cells were counted under an inverted microscope.

Quantification of intracellular lactate levels
----------------------------------------------

The intracellular lactate level was determined in LNCaP and 22Rv1 cells using a commercially available kit (BioVision, Milpitas, CA, USA) and by following the suppliers' instructions.

Cell cycle analysis
-------------------

The effect of PIC on cell cycle distribution was determined by flow cytometry after staining the cells with propidium iodide. The PCa cell lines (22Rv1, 5 × 10^5^; LNCaP, 3.5 × 10^5^) were seeded in 60-mm dishes in triplicate and allowed to attach overnight. The medium was replaced with fresh complete medium containing DMSO or the desired concentrations of PIC, and the plates were incubated for 8, 16, or 24 hours at 37°C. Adherent cells were collected, washed with PBS, fixed with 70% ethanol, and kept at least for 24 hours at --20°C. The cells were then treated with 80 µg/mL RNase A and 50 µg/mL propidium iodide for 45 minutes. Then, the stained cells were analyzed using a BD Accuri C6 flow cytometer.

Western blot analysis
---------------------

LNCaP (3.5 × 10^5^) and 22Rv1 (5 × 10^5^) cells were seeded in 60-mm dishes, allowed to attach overnight, and then treated with DMSO or desired concentrations of PIC for 8, 16, or 24 hours. Cell lysates were prepared in ice-cold lysis buffer containing 50 mmol/L Tris-HCl (pH 8.0), 1% Triton X-100, 0.1% sodium dodecyl sulfate, 150 mmol/L NaCl, and protease and phosphatase inhibitor cocktail mixture.

The lysates were separated by centrifugation at 14,000 rpm for 15 minutes, and protein content in supernatant fraction was quantified by the Bradford method. Lysates containing 20-30 µg protein were subjected to SDS PAGE, and the proteins were transferred onto polyvinylidene fluoride membrane. After blocking with non-fat dry milk (5%) in TBS containing Tween-20, membranes were probed with a desired primary antibody followed by the appropriate peroxidase-conjugated secondary antibody. The immunoreactive bands were visualized by enhanced chemiluminescence detection system according to the manufacturer's instructions. To ensure equal protein loading, each membrane was stripped and re-probed with anti-β-actin or anti-GAPDH antibody. The software UN-SCAN-IT5.1 (Silk Scientific, Orem, UT, USA) was used to quantify the protein level changes relative to control.

RNA interference of p53
-----------------------

LNCaP cells (2.0 × 10^5^) and 22Rv1 (7.5 × 10^5^) cells were seeded in 6-well plates and 60-mm dishes, respectively, and transfected at 50% confluency with a control (non-specific) siRNA or p53-targeted siRNA. After 24 hours of transfection, the cells were treated with DMSO (control) or PIC (40 µmol/L) for 24 hours. The cells were then collected and processed for Western blotting and cell cycle analysis by flow cytometry.

Animal model and treatments with PFE
------------------------------------

A total of forty male TRAMP mice (C57BL/6-Tg \[TRAMP\] 8247Ng/JX FVB/JUnib) were purchased from Multidisciplinary Center for Biological Investigation in Laboratory Animal Science at the University of Campinas. Mice in this study received water and solid diet ad libitum (Nuvilab; Quimtia S/A, Colombo, Brazil). The animals were divided into two control groups (CT) with different ages that represent the end of the treatments: 12-week-old TRAMP mice (n = 10) and 18-week-old TRAMP mice (n = 10). These animals (n = 10 per group) received water orally by gavage during four (from 8- to 12-week-old) (CT-4 wk) and ten weeks (from 8- to 18-week-old) (CT-10 wk), three times per week. The treated groups (n = 10 per group) received an aqueous extract of yellow passion fruit (*P. edulis*) bagasse (seeds more remaining pulp) orally by gavage (20 mg/kg/d of PIC present in the aqueous PFE) during 4 (PFE-4 wk) or 10 weeks (PFE-10 wk), three times per week. The inclusion of two different periods of treatment is justified by the cancer progression of the TRAMP model. From 8 to 12 weeks, we simulate a preventive treatment because the predominant lesions are noncancerous during this period, whereas preneoplastic and neoplastic lesions are more common after 12 weeks of treatment.

The literature reports that passion fruit seed present higher amounts of phenolic compounds and the main component is the PIC \[[@ref22],[@ref23],[@ref29],[@ref30]\]. The yellow passion fruit (*P. edulis* Sims.) used in this study was obtained from a rural producer "Sítio do Bello" (23° 27′ 45″ S, 45° 42′ 30″ W, Paraibuna, Sao Paulo State, Brazil). We performed an extraction of yellow passion fruit bagasse using the protocol of Viganó et al. \[[@ref30]\] that is more efficient for the recovery of phenolic acids. The PIC content in the extract was quantified representing 20% of phenolic compounds (data not shown). Thus, the dose was calculated based on the amount of PIC present in the PFE, and we established a dose of 20 mg/kg/d of PIC present in the aqueous PFE adapted from Song et al. \[[@ref31]\]. At the end of the treatment, the animals were anesthetized with 2% xylazine hydrochloride (5 mg/kg) and 10% of ketamine hydrochloride (60 mg/kg), and euthanized. The ventral prostate was collected and processed for microscopy and Western blot analysis.

Analysis of PCa in TRAMP mice
-----------------------------

The prostate samples (n = 5) for each experimental group were fixed in Bouin solution for 24 hours, rinsed in 70% ethanol, dehydrated in increasing concentrations of ethanol, incubated in xylene, and embedded in Histosec^®^ pastilles (Merck, Darmstadt, Germany). The blocks were cut into 5 µm thick sections and the slides were stained with H&E. For morphological analyses, ten random, non-overlapping images at × 400 magnification were captured following the counting system described previously \[[@ref32]\]. The tissue classification followed the descriptions already defined in previous studies \[[@ref33]\]. The lesions were classified into low-grade prostatic intraepithelial neoplasia (LGPIN), high-grade prostatic intraepithelial neoplasia (HGPIN), and well-differentiated adenocarcinoma (WDA). The percentage of each pathological feature was determined for each experimental group. The ventral prostate samples (n = 5) from all experimental groups were used for Western blotting.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism (ver. 7.02). One-way analysis of variance followed by Dunnett's or Bonferroni's test was carried out for statistical comparisons with the level of significance set at 5%. For TRAMP analysis unpaired *t*-test was used with the same level of significance. The results were expressed as the mean ± SD.

RESULTS
=======

PIC affected viability of PCa cell lines with different genetic backgrounds
---------------------------------------------------------------------------

The PIC treatment reduced viability of all PCa cell lines tested. In order to determine the effective concentration able to alter cell viability, we tested different concentrations of PIC (10, 20, and 40 µmol/L) ([Fig. 1](#F1){ref-type="fig"}). It is important to mention that PC-3 cells are androgen-independent and phosphatase and tensin homolog (PTEN) and p53 null, whereas VCaP is an androgen-responsive wild-type PTEN and mutant p53 cell line. LNCaP is an androgen-responsive cell line that expresses mutant androgen receptor (T877A), mutant PTEN, and wild-type p53. On the other hand, 22Rv1 expresses wild-type PTEN, mutant p53, mutant androgen receptor and its splice variants. As seen in [Figure 1](#F1){ref-type="fig"}, PIC treatment caused a statistically significant decrease in the number of viable cells in all cell lines in a concentration- and time-dependent manners. The PC-3 cell viability was significantly altered by PIC after 24, 48, and 72 hours of treatment (20 and 40 µmol/L), and the cell viability was significantly inhibited at a lower concentration (10 µmol/L) with increased exposure time ([Fig. 1A](#F1){ref-type="fig"}). Regarding VCaP cells, a greater effect was seen following 24 hours of exposure to PIC at all concentrations ([Fig. 1B](#F1){ref-type="fig"}). PIC treatment also showed concentration- and time-dependent inhibitory effects on the viability of LNCaP cells ([Fig. 1C](#F1){ref-type="fig"}). 22Rv1 cells were the least sensitive to growth inhibition by PIC ([Fig. 1D](#F1){ref-type="fig"}) at the 24 hour when compared to the other cells lines.

The intracellular lactate level was not affected by PIC
-------------------------------------------------------

In order to access the effect of PIC on PCa cell metabolism, we determined the intracellular levels of lactate. PIC treatment declined an intracellular lactate level in LNCaP cells, but not in 22Rv1 cells ([Figure S1](#S1){ref-type="supplementary-material"}). Although there was a significant decrease in lactate levels in LNCaP cells, from the biological point of view, this difference may not substantial to alter the glucose metabolism. We also investigated if PIC could alter free fatty acids levels in VCaP cells, but the results did not show any alteration (data not shown). Considering these results about cellular metabolism. We explored alternative mechanism(s) of PIC action.

PIC treatment caused cell cycle arrest and induced cell death in LNCaP and 22Rv1 cells
--------------------------------------------------------------------------------------

In the present study, we chose LNCaP and 22Rv1 cells to determine whether the growth inhibitory effect of PIC in PCa cells was due to its ability to cause cell cycle arrest, as seen in other reports in the literature \[[@ref34],[@ref35]\]. PIC exposure was responsible for the induction of cell cycle arrest in both cell lines as seen in the [Figure 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. In LNCaP cells, there was an increase in the proportion of G~0~/G~1~ phase cells after 16 hours and 24 hours of exposure to PIC at 20 and 40 µmol/L and 40 µmol/L concentrations, respectively ([Fig. 2](#F2){ref-type="fig"}). In 22Rv1 cells, the cell cycle arrest was evident even after 8 hours of treatment ([Fig. 3](#F3){ref-type="fig"}). Moreover, PIC treatment led to G~0~/G~1~ arrest in 22Rv1 cells after 24 hours of treatment at the 40 µmol/L concentration ([Fig. 3](#F3){ref-type="fig"}). A similar effect was detected in 22Rv1 cells in the sub-G~0~/G~1~ phase ([Fig. 3](#F3){ref-type="fig"}). It is known that sub-G~0~/G~1~ peaks is indicative of appearance of apoptotic cells, as well as part of necrotic cells. Significant increases of cells in sub-G~0~/G~1~ phase account for the capability of PIC to inhibit viability and to induce apoptosis of both PCa cell lines examined.

In order to elucidate the mechanisms linked to the response of PCa cells to PIC, we measured the levels of p53, p21, cyclin D1, and cdk4 proteins by Western blot analysis. As shown in [Figure 4](#F4){ref-type="fig"}, PIC treatment caused an increase in the p53 protein level, and this effect was more pronounced after 8 hours of treatment in LNCaP and 16 hours of treatment in 22Rv1 cells ([Fig. 4](#F4){ref-type="fig"}). The level of p21 was also increased after PIC treatment with a progressive fold change increase in both cell lines mostly at the 40 µmol/L concentration ([Fig. 4](#F4){ref-type="fig"}). Cyclin D1 and cdk4 are key molecules that play an important role in progression of the cell cycle. After PIC treatment, there was an apparent decrease in the cyclin D1 and cdk4 protein levels in both cell lines ([Fig. 4](#F4){ref-type="fig"}).

Cell cycle arrest in LNCaP cells by PIC was regulated by p53
------------------------------------------------------------

The Western blotting results showed that PIC modulated the p53 level in both cell lines. Considering that LNCaP is wild-type for p53 and 22Rv1 contains mutant p53, we intended to investigate the role for this tumor suppressor in cell cycle arrest by PIC. To achieve this, we performed silencing of p53 expression by siRNA ([Fig. 5](#F5){ref-type="fig"}). We first determined the optimal conditions for transfection of p53 siRNA and then the silencing was confirmed by Western blotting in both cell lines ([Fig. 5A and 5C](#F5){ref-type="fig"}). As seen in [Figure 5B](#F5){ref-type="fig"}, PIC treatment caused G~0~/G~1~ phase arrest in control siRNA transfected LNCaP cells that was partly attenuated by knockdown of p53. The induction of p53 protein resulting from PIC exposure was also partly abrogated by RNA interference of p53 ([Fig. 5A](#F5){ref-type="fig"}). The percentage of sub-G~0~/G~1~ population after PIC treatment was slightly higher in p53 knockdown cells than that in control siRNA transfected cells ([Fig. 5B](#F5){ref-type="fig"}). The results were different in 22Rv1 cells. First, the G~0~/G~1~ phase arrest was not seen in control siRNA or p53-siRNA transfected cells ([Fig. 5D](#F5){ref-type="fig"}). Secondly, unlike LNCaP cells, the proportion of sub-G~0~/G~1~ cells was reduced after PIC treatment in p53 knockdown cells in comparison with control siRNA transfected cells ([Fig. 5D](#F5){ref-type="fig"}).

PFE as a potential source of PIC delayed PCa progression in TRAMP mice
----------------------------------------------------------------------

Based on the results obtained from cell experiments, we decided to investigate if the PFE containing relatively large amounts of PIC could affect the lesion progression in TRAMP mice. Epithelial atrophy and decreased acinar mucosa folding were observed in the ventral prostate from TRAMP mice treated for 4 weeks with PFE ([Fig. 6A](#F6){ref-type="fig"}; A5 & A6). Although recovery of morphology was evident in the PFE-4 wk group, the incidence of uninjured tissue and PIN showed no significant difference compared to their respective CT ([Fig. 6B](#F6){ref-type="fig"}). It is noteworthy that administration of PFE for 4 weeks significantly decreased foci of WDA, which is defined as the first stage of PCa in the TRAMP model ([Fig. 6B](#F6){ref-type="fig"}). The ventral prostate of animals treated for 10 weeks with PFE indicated the progression of proliferative lesions in the TRAMP mice ([Fig. 6A](#F6){ref-type="fig"}; A7 & A8). There was a significant increase in epithelial tissue classified as normal in the PFE-10 wk group when compared to its respective CT ([Fig. 6B](#F6){ref-type="fig"}). In addition, the mean percentage of uninjured tissue area was similar to that found in the PFE-10 wk group ([Fig. 6B](#F6){ref-type="fig"}). There was no statistically significant difference in the incidence of LGPIN when compared to the control. However, the longer exposure to PFE caused a significant decrease in more aggressive lesions such as HGPIN and WDA ([Fig. 6B](#F6){ref-type="fig"}).

The Western blotting results shown in [Figure 6C](#F6){ref-type="fig"} demonstrate that PFE was able to alter the expression of important cell cycle regulatory proteins in PCa. The protein level of the cdk4 and cyclin D1 was reduced by PFE after 4 weeks of treatment and the effect was sustained after 10 weeks only for cyclin D1. Both treatments caused an increase in the p21 level ([Fig. 6C](#F6){ref-type="fig"}).

DISCUSSION
==========

It has been reported that PIC, like resveratrol, has similar anti-cancer properties \[[@ref24],[@ref36]\]. It is known that blocking cancer mechanisms by drugs or factors from food and natural resources may prolong the life span \[[@ref25]\]. According to the literature, the mechanism underlying anticarcinogenic action of PIC is related to its cell-cycle arresting, pro-apoptotic, anti-inflammatory, anti-angiogenic, and anti-metastatic properties \[[@ref26]\]. The present study demonstrates the PIC's ability to delay the cell cycle progression and inhibit proliferation in selected PCa cells. On the other hand, glycolytic metabolism may not be a target of PIC. Of note, the LNCaP cell line was more sensitive to PIC exposure compared with 22Rv1 cells, which can be probably due to the differences between their genetic background. Another interesting observation of the present study is that PIC increases the p53 expression in LNCaP cells, which results in cell cycle arrest. However, in 22Rv1 cells which harbor mutant p53, the p53 knockdown in the presence PIC provoked no significant effects, such as those seen in LNCaP cells.

The health improvement, protection against damages caused by age-related diseases and their relationship to the consumption of diets rich in polyphenols have been extensively debated over the last decades. In general, the effects achieved with healthy food consumption are enhanced because the biocompounds act in synergy with other substances. Therefore, it is essential to understand how these biocompounds act in the organism and identify elements that can prevent or treat diseases such as cancer. PCa is especially important as a target for chemoprevention from natural products because the tumor development is slow and occurs mainly in elderly men.

The effects of PIC on PCa development and progression are restricted to a few publications. In one study, the activity of PIC was stronger than resveratrol for inhibition of 22Rv1 cell proliferation (IC~50~ 13.88 µmol/L) after 24 hours of treatment \[[@ref37]\]. Among all PCa cell lines evaluated in the present study, 22Rv1 cells were least sensitive to PIC exposure. The castration-resistant condition is the most aggressive stage of PCa, and 22Rv1 cells reflect this feature because they harbor splice variants of androgen receptor lacking the ligand-binding domain \[[@ref38]\]. Regarding LNCaP, Lundqvist et al. \[[@ref39]\] showed that 48 hours of PIC exposure did not alter cell viability even at higher concentrations (50 µmol/L). However, other studies showed that growth of LNCaP, PC-3, and DU145 cells was significantly affected by PIC treatment, but not in normal prostate epithelial cells \[[@ref28],[@ref35]\]. Although literature data about PIC effects on cell viability are conflicting regarding time of exposure, dose, and cell response, it is a fact that PIC treatment affected PCa cell growth to different degrees, independent of hormonal reliance and cell culture conditions. It is important to mention that stilbenes, like resveratrol and PIC, have anti-androgenic activity \[[@ref39]-[@ref42]\], which can directly influence cell survival of hormone-responsive and non-responsive cell lines.

PIC has been shown to inhibit the cell cycle progression in several different cancer cells by down-regulating cyclins and cdks, and up-regulating p21 and p53 \[[@ref25],[@ref34],[@ref43],[@ref44]\]. In DU145 cells, PIC treatment led to an increase in the percentage of cells in the G1 phase with concomitant down-regulation of cyclin A, cyclin D1, cdk2, and cdk4, as well as decreased cdk2 and cdk4 activity \[[@ref34]\]. Hsieh et al. \[[@ref35]\] observed a differential cell cycle effect after PIC exposure in LNCaP and PC-3 cells. Unlike our data, LNCaP cells showed an increase in cyclin D1 levels after exposure to 10 and 25 µmol/L of PIC \[[@ref35]\]. In the present study, we suggest a differential role of PIC in the cell cycle of LNCaP and 22Rv1 cells. Our results from Western blot analysis did not highlight a differential result in regulatory proteins that would be well distinguished in both cell lines but confirmed the data already seen in the literature. Interestingly, there was no arrest on 22Rv1 cell cycle after p53 siRNA transfection, but there was just an increase of cells in sub-G~0~/G~1~ which could be a result of siRNA transfection. Conversely, LNCaP cell cycle was not only arrested, but p53 levels were increased upon PIC exposure even after the p53 knockdown. In other words, the molecular interaction of PIC with LNCaP cells can lose its efficacy if p53 is down-regulated. It was reported that the overexpression of wild-type p53 attenuates the androgen function, whereas p53 expression at physiological levels stabilizes androgen receptor signaling \[[@ref45]\]. According to this study, there is a balance between androgen receptor and p53 expression during the androgen-dependent PCa development, which is abolished during further progression of the disease \[[@ref45]\]. The p53 and androgen receptor status is different between LNCaP and 22Rv1 cells. 22Rv1 cells expresses mutant p53 while LNCaP cells have wild-type p53. We propose that the differential effects of PIC seen on 22Rv1 versus LNCaP cells could be due to their different p53 and androgen receptor status.

Another objective of the present study was to investigate if an extract from passion fruit seeds and remaining pulp rich in PIC could affect lesion development in TRAMP mice. TRAMP is a well-established animal model to study PCa progression because it displays similarities to human PCa in a short period of time \[[@ref33]\]. Similar to PIC, our results showed that PFE also contributed to cell cycle delay and, consequently delayed progression of PCa restraining the formation of pre-neoplastic lesions and WDA. One of the genetic characteristics of the TRAMP model is the inactivation of p53 responsible for cell cycle arrest that prevents further progression upon DNA damage \[[@ref46],[@ref47]\]. The present results show that PFE is able to alter the signaling mediated cell cycle regulatory proteins in a manner similar to that PIC exerts in PCa cells.

In summary, the results obtained in the present study indicates that PIC is a regulator of PCa cell growth and its main mechanism is the modulation of cell cycle regulatory proteins. In vivo experiments showed that PFE rich in PIC also retarded PCa progression by altering levels of cell cycle proteins.
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![Dose response effect of piceatannol (PIC) on cell viability of PC-3, VCaP, LNCaP, and 22Rv1 cells.\
Viability of (A) PC-3, (B) VCaP, (C) LNCaP, and (D) 22Rv1 prostate cancer cells after treatment with dimethyl sulfoxide (DMSO) or different concentrations of PIC for 24, 48, and 72 hours was determined by the trypan blue dye exclusion assay as described in Materials and Methods. The results are expressed as mean ± SD (n = 3). Significantly different (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001) compared with corresponding DMSO-treated control by one-way analysis of variance followed by Dunnnett's test. The experiments were repeated twice with consistent results. Representative data from one such experiment is shown.](JCP-25-087-f1){#F1}

![Effect of piceatannol (PIC) on LNCaP cell cycle distribution.\
Distribution of cells in (A) sub-G~0~/G~1~ phase, (B) G~0~/G~1~ phase, (C) S phase, and (D) G~2~/M phase of LNCaP cells after treatment with dimethyl sulfoxide (DMSO) or indicated concentrations of PIC for 8, 16, and 24 hours was quantificated by flow cytometry. The results are expressed as mean ± SD (n = 3). Significantly different (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001) compared with corresponding DMSO-treated control by one-way analysis of variance followed by Dunnnett's test. The experiments were repeated at least twice with consistent results. Representative data from one such experiment is shown.](JCP-25-087-f2){#F2}

![Effect of piceatannol (PIC) on 22Rv1 cell cycle distribution.\
Distribution of cells in (A) sub-G~0~/G~1~ phase, (B) G~0~/G~1~ phase, (C) S phase, and (D) G~2~/M phase of 22Rv1 cells after treatment with dimethyl sulfoxide (DMSO) or different concentrations of PIC for 8, 16, and 24 hours was quantificated by flow cytometry. The results are expressed as mean ± SD (n = 3). Significantly different (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001) compared with corresponding DMSO-treated control by one-way analysis of variance followed by Dunnnett's test. The experiments were repeated twice with consistent results. Representative data from one such experiment is shown.](JCP-25-087-f3){#F3}

![Effect of piceatannol (PIC) on the expression of cell cycle-related proteins.\
Representative immunoblots showing the effect of PIC treatment on (A) LNCaP and (B) 22Rv1 cells. Lysates from both cell lines treated with dimethyl sulfoxide (DMSO) or indicated doses of PIC for 8, 16, and 24 hours were submitted to Western blotting for p53, p21, cyclin-dependent kinase 4 (cdk4), cyclin D1, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and β-actin. The numbers on top of the band indicate fold change in protein level compared to corresponding DMSO-treated control. Housekeeping proteins were used for normalization (β-actin or GAPDH). The experiments were repeated at least twice with consistent results.](JCP-25-087-f4){#F4}

![The effect of p53 knockdown on cell cycle in LNCaP and 22Rv1 cells.\
(A) Immunoblotting for p53 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using lysates from LNCaP cells transfected with control siRNA or p53-targeted siRNA and treated with dimethyl sulfoxide (DMSO) or 40 µM piceatannol (PIC) for 24 hours. The numbers on top of the band indicate fold change in the protein level compared to control siRNA-transfected cells treated with DMSO. GAPDH was used for normalization. The experiments were repeated twice with consistent results. Representative data from one such experiment is shown. (B) Quantification of cell distribution of LNCaP cells transfected with control siRNA or p53-targeted siRNA and treated with DMSO or 40 µM PIC for 24 hours. The results are expressed as mean ± SD (n = 3). ^a^Statistically significant as *P* \< 0.05 compared with DMSO-treated control within group; ^b^Statistically significant as *P* \< 0.05 compared with the same treatment between groups by one-way analysis of variance followed by Bonferroni's multiple test. The experiments were repeated twice with consistent results. Representative data from one such experiment is shown. (C) Immunoblotting for p53 and GAPDH using lysates from 22Rv1 cells transfected with control siRNA or p53-targeted siRNA and treated with DMSO or 40 µM PIC for 24 hours. The numbers on top of the band indicate fold change in protein level compared to control siRNA-transfected cells treated with DMSO. GAPDH was used for normalization. The experiments were repeated twice with consistent results. Representative data from one such experiment is shown. (D) Quantification of cell distribution of 22Rv1 cells transfected with control siRNA or p53-targeted siRNA and treated with DMSO or 40 µM PIC for 24 hours. The results are expressed as mean ± SD (n = 3). Representative data from one such experiment is shown.](JCP-25-087-f5){#F5}

![Effects of passion fruit extract (PFE) administration on neoplastic progression and cell cycle proteins modulation in the ventral prostate of Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) mice.\
(A) Representative histopathological images from TRAMP mice orally gavaged with water or PFE as described in the Materials and Methods section. Control group (CT) per 4 weeks of treatment (A1-A2): Hyperplastic secretory epithelium (Ep) (low-grade prostatic intraepithelial neoplasia, LGPIN) with folding mucosa and presence of inflammatory cells in the prostatic stroma (St) (\*). A2: Highlight for LGPIN represented by more than one layer of overlapping epithelial cells presenting abundant and pale cytoplasm and prominent nuclei (arrowhead). A3: well-differentiated adenocarcinoma (WDA) (discontinuous circle) represented by the proliferation of epithelial cells towards the stromal compartment and rupture of the basement membrane. CT per 10 weeks of treatment (A3-A4): Abundant presence of pre-neoplastic lesions (high-grade prostatic intraepithelial neoplasia, HGPIN) described by the cribriform and papillary arrangement of hyperplastic epithelial cells within the acinar lumen (L). Increased fibrillar elements in prostatic St (A4) and presence of inflammatory cells (\*). Passion fruit extract per 4 weeks of treatment (A5-A6): Simple secretory Ep ranging from cubic to columnar with atrophic regions (arrow). Highlight for reduction of hyperplastic epithelial cells. Passion fruit extract per 10 weeks of treatment (A7-A8): Glandular acini composed of columnar simple Ep with nuclei in the basal position. Some remnants of LGPIN and HGPIN type lesions are noted. Prostatic St with regular appearance (H&E, × 400, scale bar: 50 µm). (B) Relative frequency of different morphological features found in the ventral prostate of TRAMP mice (n = 5 per group). The results are expressed as mean ± SD. Significantly different (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (C) Representative immunoblots from all experimental groups. Ventral prostate lysates (n = 5) from all experimental groups were submitted to Western blotting for cyclin-dependent kinase 4 (cdk4), cyclin D1, p21, and β-actin. The numbers on top of the band indicate fold change in protein level compared to corresponding water-treated control TRAMP mice. β-actin was used for normalization.](JCP-25-087-f6){#F6}
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